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Abstract
Polymers have been used in water alternative gas, to viscosify the water and improve the overall sweep efficiency. The 
use of polymer alternative gas was successful in increasing the oil production in high permeability zones. However, few 
practical factors affecting the field applicability have been overlooked. Therefore, this study is aimed at bridging the gap 
between the possibility of using several EOR such as water flooding,  CO2 flooding, water alternative gas, polymer flood-
ing and polymer alternative gas. The research based on progressive comparison considering constant constraint. The 
numerical simulation STARS-CMG was used to predict the characteristics and behaviour of the fluid in the reservoir. The 
designed flooding pattern chosen was a single producer-single injection (P-I) scheme in homogeneous high permeable 
reservoir. The results of oil incremental recovery showed the following order compared to Water flooding < (3%)  CO2 
flooding < (6.8%) < Water alternative gas (11.6%) Polymer flooding < (15%) Polymer alternative gas. The impact of poly-
mer on enhancing the water alternative gas was mostly noticeable in the reduction of water cut% (83%). The controlled 
conformance by polymer aided in improving the sweep efficiency as indicated by the uninform U-shape. Moreover, the 
delayed gas breakthrough was significant and resulted in the lowest gas oil ratio of 5.17E + 04 ft3/bbl. The low gas oil 
ratio observation is indication of potential capturing of  CO2 in the reservoir and thus, good evidence to further imple-
mentation of  CO2 as green utilization.
Keywords Polymer water alternative gas flooding · Line drive pattern · Gas oil ratio · Incremental recovery · Sweep 
efficiency
1 Introduction
Enhanced oil recovery (EOR) methods are employed to 
increase the production of hydrocarbon from the reser-
voirs after primary and secondary recovery. One of the 
techniques that was employed successfully is gas flood-
ing. Gas flooding projects are part of EOR since 1960s and 
considered profitable in both conventional and uncon-
ventional reservoirs [1]. However, the type of gases used 
may hinder the technical feasibility if it is not compatible 
with the application conditions. Ideally,  CO2 releases oil by 
aiding several mechanisms such as; improving the micro-
scopic efficiency, lowering the interfacial tension (IFT) at 
the miscible condition and reduce the oil density [2]. At 
present,  CO2 flooding has been designated as a beneficial 
method to decrease the global warming and reducing 
the greenhouse gas emissions [3]. However, several prob-
lem remained unsolved such as; gas fingering, operating 
parameters and the pressure depletion rates [4]
As part of utilizing  CO2 flooding, a new flooding strat-
egy that includes the presence of water flooding, was 
proposed by Parrish (1966). It has the potential to attain 
 * Mohd Zaidi Jaafar, mzaidi@utm.my | 1Department of Petroleum Engineering, School of Chemical and Energy Engineering, Faculty 
of Engineering, Universiti Teknologi Malaysia, 81310 Johor Bahru, Malaysia. 2School of Computing, Engineering.and Technology, Asia 
Pacific University of Technology & Innovation (APU), 57000 Kuala Lumpur, Malaysia.
Vol:.(1234567890)
Case Study SN Applied Sciences (2020) 2:938 | https://doi.org/10.1007/s42452-020-2673-8
higher mobility control and enhance volumetric sweep 
efficiency over solo  CO2 injection [5]. This technique 
known as water alternating gas (WAG), which includes 
injecting water and gas alternately or simultaneously and 
each duration is referred to as cycle. Despite the success 
of  CO2 -WAG, the challenge is achieving the field incre-
mental recovery, which is between 5 and 10% OOIP [6]. 
This low production is due to gravity segregation effect, 
water blocking phenomena and WAG mobility control [7]. 
Also, the method faced significant challenge in improving 
sweep efficiency in high permeable zones. The gravity seg-
regation effect arises during the injected fluid movement 
towards the production wells and resulted in water block-
ing the residual oil from contacting  CO2 [8]. The mobility 
control of WAG is not feasible especially in high or medium 
viscosity oil. In high viscous oil reservoirs, the oil and water 
mobilities are low therefore, the mobility ratio will be high. 
If mobility ratio (M) > 1, it will not be a favourable condition 
as it promotes viscous fingering occurrence [9].
For all the previous -mentioned reasons,  CO2-WAG 
approach was subjected to enhancement by chemicals 
such as; surfactants, polymers, nanoparticles [10, 11]. 
Polymer was proposed to overcome the problems of gas 
breakthroughs and gravity segregation by using polymers. 
Polymer alternating gas (PAG), combines the elements of 
 CO2 flooding with polymer flooding to enhance the sweep 
efficiency especially in high permeable zones [12–14]
Polymer gas alternating water (PGAW) has been 
experimented on Canadian heavy crude oil and the 
results were promising [15]. The study compared, four 
techniques of flooding,  CO2 immiscible flooding, WAG, 
polymer and PAG. The results showed that low concen-
tration of polymer (0.2 wt%) used in PAG injection recov-
ered more oil than the polymer flood with double con-
centration. Another observation was that the  CO2 in PAG 
used only 30% to recover the same oil recovered by the 
continuous  CO2 flooding. The combination of polymer 
with  CO2 is beneficial in improving the recovery more 
than single component techniques [15]. Despite the dif-
ficulty in optimizing the injection of polymer and  CO2 
in core scale, it was more successful on simulation and 
numerical level. Accordingly, a sophisticated model was 
built to compare different injection strategies in control-
lable injection rate of 3000 bbl/day. However, the com-
bination of  CO2 and polymer was assisted by surfactant 
and alkali, which makes the increase in the recovery not 
directly related to the polymer [16]. Li and schechter in 
2014, performed a detailed numerical study on PAG for 
North Burbank Unit in Oklahoma, USA. The targeted res-
ervoir categorized as highly heterogeneous with high 
permeability at the top layers and decreasing downward. 
In the first phase of the study they compared homoge-
neous and heterogeneous synthetic reservoir model, to 
optimize the polymer concentration. They used three dif-
ferent polymer concentration of 0.1 Ib/STB, 0.2 Ib/STB 
and 0.3 Ib/STB. The highest oil recovery factor (RF) for 
PAG was about 19.7%, the recovery improved up to 12% 
compared to WAG, however this result was obtained at 
polymer concentration of 0.2 Ib/STB [12]. In the second 
case study, they compared the effect of several flood-
ing scenarios including  CO2 injection, WAG, polymer 
flooding and PAG. Although, the polymer concentra-
tion was reduced, additional oil RF of 12% was obtained 
[11]. However, the study was limited in demonstrating 
the influence of each scenario on gas production, water 
production and residual oil saturation. Another simula-
tion study done by Jeong et al. (2014) in heterogeneous 
model considered four scenario, water flooding,  CO2 
flooding, WAG and PAG. The results showed good mobil-
ity ratio and the PAG process represented the highest oil 
recovery factor of 37%. However, the result showed high 
improvement compare to the previous work in North 
Burbank Unit, which might be due to the porosity and 
permeability characteristic of the synthetic model [17].
Another simulation study for Cranfield reservoir in 
Mississippi, considered as a pilot test to understand the 
role of oil phase behaviour on different flooding sce-
narios. The study confirmed that PAG is had the highest 
recovery with 74% oil RF [18]. However, the study used 
multiple injectors, which made the effect of injection 
rate dominant in the scheme of the work. An optimiza-
tion study for PAG process selected polymer concentra-
tion as dominant factor to improve the PAG efficiency 
[19]. However, the study suggested that the challenges 
of using PAG is not limited to concentration but it gas 
injected volume, injection rate and injection wells allo-
cation may alter the operation recovery and the overall 
recovery obtained. A heterogeneous numerical model 
for PAG was investigated using a geological model of 
Liaohe Oilfield in China. The result showed that the effect 
of PAG is not satisfactory in high viscous heterogeneous 
reservoirs, however it has a major effect on water cut 
reduction [20].
Previous studies focused on the use of  CO2 flooding in 
moderate to high permeable reservoirs. However, there 
is controversy surrounding the synergy between  CO2 
and chemicals in the field application. Therefore, this sys-
tematic study aimed to compare the oil recovery factor 
between PAG flooding, polymer flooding, WAG flooding, 
gas flooding and water flooding. Secondly, to evaluate 
the impact of each process on other important factors 
such as; mobility, GOR, water cut and saturation distribu-
tion. Also, the comparison meant to give an insight on 
the potential use of PAG in improving the oil production 
and the flow behaviour.
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2  Methodology
2.1  Modelling scheme and selection prospective
To perform numerical modelling, the CMG–STARS soft-
ware was used to study the water flood,  CO2 flood, WAG 
flood, polymer flood and PAG flood in this study. STARS 
is known to be a powerful tool for three-phase and 
multi-component additives. The numerical equation was 
solved as fully implicit or adaptive implicit formulation to 
assure fast running time and flexibility for users. More-
over, STARS have numerous features which makes the 
study visible for all the chosen variables. Moreover, the 
CMG suits provide a 3D RESULT display option, which 
ease the comparison of chemical dispersion for multiple 
models at the same time.
The study working scheme was designed including 
several stages: modelling the area, defining the flooding 
scheme and analysing the outputs. The study develop-
ment stages are schematically illustrated Fig. 1
Fig. 1  Simulation workflow
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The work development as shown in Fig. 1 represents 
numerical study that compares several processes. The 
numerical analysis was built to evaluate each of the pro-
cesses without changing any flow constrain. Moreover, the 
evaluation was based on four selected output parameters.
The numerical model was created for sandstone reser-
voir and represented by cartesian grids. The hypothetical 
reservoir assumption was homogeneous in nature; thus, 
the grids were represented by uniformed thickness. The 
grid design was adequate for the desired numerical accu-
racy and demonstration of fluid displacement process. The 
base input parameters for reservoir grid are presented in 
Table 1.
2.2  Reservoir rock and fluid properties
In order to give the best realistic fluid behaviour, the reser-
voir rock and fluid properties were to some extend based 
on previous study in North East Africa [10]. Few assump-
tions were made prior to numerical implementation such 
as; gravity and capillary pressure were neglected; rock and 
fluid were assumed incompressible and the medium as 
homogeneous and isotropic (porosity and permeability 
are constant). The oil model used was dead oil (no dis-
solved gas) and light oil (10 cp).
Liquid phase characteristics was interpolated using 
Standing’s correlation in builder, the main inputs are pres-
sure and temperature (Table 2). The use of the correlation 
helps to speed up the software running time and conse-
quent changes adaptation. The relative permeability curve 
was generated by selecting the endpoint scaling for the 
consolidated sandstone and input the initial saturation 
condition as presented in Table 2 and Fig. 2. The relative 
permeability curve in Fig. 2 represents a water wet reser-
voir, where the synthetic system is good candidate for gas 
and chemical tertiary recovery.
2.3  Wells and operation constrains
The mode of well was defined for single well producer-
injector (P-I), the scheme chosen to detect preferential 
flow trends and to further investigate the sweep efficien-
cies; and the success of any flooding. The injection well 
and producing wells were open in the whole three layers 
Table 1  General properties of reservoir model
Parameter Value
Top reservoir depth 7865 ft
Number of grids 10 × 10 × 3
Grid thickness 10 ft
Active blocks 300
Table 2  Rock and fluid input 
data
Information Parameter Value
Rock properties Rock density 0.1654 Ib/ft3
Porosity (homogeneous) 25%
Permeability I direction 800 mD
Permeability J direction 800 mD
Permeability K direction 260 mD
Fluid properties Oil density 49.1 Ib/ft3
Oil viscosity 10 cp
Water density 64.79 Ib/ft3
Water viscosity 0.89
CO2 Minimum Miscibility Pressure 2000 psi
Initial reservoir conditions Pressure 3500 psi
Temperature 100°F
Initial oil saturation 0.69
Initial water saturation 0.31
Fig. 2  Generated relative permeability curve
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and horizontally in line to assure the maximum degree 
of communication in the (P-I) system. The selected loca-
tions and completion facilitate managing any floods, 
particularly at these selection stages. Wells location are 
shown in Fig. 3. The constrain assumption was controlled 
by the minimum bottom hole pressure for producer and 
by maximum allowable head pressure for the injector. 
Injector was controlled by a certain fluid constrain that 
is specified in Table 3.
2.4  Numerical study and cases illustration
A total of five cases were used for this simulation work. 
The first scenario is a base case of continuous water 
injection also it worth to noted that no chemical was 
added at this stage. The water flooding continued as 
long as the oil could be produced, the practice consid-
ered under secondary recovery and a mandatory stage 
for economic comparison. The second scenario created is 
the  CO2 flooding, which represent the continuous inject-
ing of the gas. The third scenario is the WAG flooding 
(at ratio 1:2). With 2 months of  CO2 injection, followed 
by 2 months of water injection. The fourth scenario is 
flooding using polymer, the polymer selecting criteria 
is illustrated in the following section. The last scenario 
is the PAG which was a combination of polymer and gas 
alternate injection. The input for numerical convergence 
was chosen to avoid disturbance in the overall system 
during the runs. The time step applied for the events 
in the simulation is 60 days. The simulation is run for 
5 years, starting from the year 2018—2023, for a total 
of 1643 days.
2.5  Polymer flooding
All the constraints applied for the previous scenarios are 
kept constant for both polymer and PAG flooding. The 
polymer used is polyethylene glycols, PEG concentra-
tion used was 2000 ppm similar constant values were 
used in pilot test [21, 22]. The selection of the polymer 
concentration was based on the acceptable range of 
polymer flood reported for similar range of porosity 
and permeability, which is between 500 and 3000 ppm 
[23]. The polymer viscosity parameter was used for both 
cases as shown in Table 4[24]. The polymer viscosity is 
also non-Newtonian and depends on the shear rate or 
rate of flow, exhibiting shear thinning behaviour. The 
simulator (CMG-STARS) is capable of modelling linear 
and non-linear mixing of polymer injection process, and 
non-Newtonian viscosity. Polymer mixing rule in CMG-
STARS is as follow,
In which fs(xs) is the viscosity mixing function through 
input table for key component s (polymer), N [1 − fs(xs)]/
(1−xs). For linear mixing, fs(xs) = (xs), N = 1
Shear thinning rheology is applied for the polymer 
flood. The calculated Darcy velocity (μ1) and input refer-
ence Darcy velocity are used to quantify the shear rate. 









Fig. 3  Injector and producer wells location
Table 3  Well simulation 
constraints input
Well Parameter Value
Injector well Maximum bottom hole pressure (BHP) 3600 psi
Injector well Maximum water rate (BHW) 1200 STB/day
Injector well Maximum gas rate (BHG) 200MMSCF/day
Production well Minimum bottom hole pressure (BHP) 200 psi
Table 4  Polymer concentration in water % and corresponding vis-
cosity
Water + polymer viscosity (cp) Polymer concen-
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3  Results and discussion
3.1  Oil recovery results
The result of oil RF for the 5 cases were compared using 
the CMG-graph result software as shown in Fig. 4. The oil 
RF was low for the water flooding (base case) which is 
about 43.7%. The recovery factor obtained by gas, WAG 
and polymer was (46.5%, 50.9%, 54.1%) respectively. The 
highest oil RF was 56% (PAG flooding).
The oil recovery after water flooding was affected by the 
difficulty in exploitation of viscous oil. Similar results were 
observed by Gao (2011) and Bento and Moreno (2016). 
They reported a low oil RF due to the adverse mobility 
ratio and early water production, which is more intense 
during the high viscosity oil exploitation.  CO2 flooding 
has an incremental oil RF of 3%, the slightly increase in 
oil recovery can be attribute to the injection pressure and 
the reservoir high permeability. However, the gas flooding 
also contributed to the oil viscosity reduction, and thus 
increase in oil RF [25]. Similar results was also observed 
in 1986 for the case of Rangely Weber Sand Unit, the gas 
flooding was not sufficient to increase the oil RF due to 
insufficient miscibility and high reservoir permeability [26]. 
Moreover, the gas mobility about 46,000 md/cp for layer 
1 and decreased in vertical direction up to 40,000 md/cp 
and 12,000 md/cp at layer 2 and 3 respectively.
For  CO2-WAG flooding the incremental recovery was 
6.8%, which is more likely due to the sweeping efficiency 
enhancement and microscopic-oil displacement effi-
ciency. Despite the limited understanding of WAG injec-
tion mechanism, the result of this study was similar to 
previous study for homogeneous and heterogeneous res-
ervoir, which was between 7 and 9% [27]. The oil recovery 
was attributed to the cycle process that reduced the gas 
mobility, the gas mobility was 11,225 md/cp, 547 md/cp 
and 0 for layer 1, 2 and 3 respectively.
The polymer flooding showed improvement in the 
incremental recovery up to 11.6%. The concept of improv-
ing the oil production by polymer flooding has always 
been related to viscoelasticity of water in sweep efficiency 
improvement. The recovery results is consistence with the 
limit of injection constrain of this study and shear thicken-
ing behaviour that restrain the polymer injectivity rates 
[28, 29].
The oil recovery enhanced by PAG has additional 
1.3% due to the improvement in mobility control. 
Similar results were observed by previous study of Li 
et al. (2014) for homogeneous models up to 500 mD 
permeability. The results of this study whereby for a 
Fig. 4  Oil Recovery factor for 5 cases of flooding
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homogeneous reservoir with 800 mD, the PAG was giv-
ing additional 7.5% oil RF compared to  CO2-WAG flood-
ing of 7-15% [11].
3.2  Water cut analysis
Water cut is a very sensitive factor in deciding the suit-
ability of EOR process in mature oil field. The result in 
Fig. 5 shows water cut of (98.6%, 93.6%, 92%, 84%, 5%) 
for WAG, Polymer, PAG, Water flooding and gas respec-
tively. The highest water cut during the WAG flooding. 
This is attributed to the changing of relative permeabil-
ity curve in the presence of three phase flow [30].Taking 
into account the phase behaviour complexity and flow 
characteristics variation, it revealed that the behaviour 
of water cut was higher than expected. Similar obser-
vation was reported by [31] as the numerical software 
tends to enhance the relative permeabilities curves con-
tinuously, especially when all phases are mobile. The 
polymer flooding and PAG flooding also indicated high 
water cut but lower than WAG, which may be related 
to the water movement restriction because of viscosity 
improvement.
3.3  Residual oil saturation (Sor)
3.3.1  Sor after water flooding
The measurement of Sor is of paramount importance in 
understanding the recovery in a producing field. For the 
water flooding (base case), the initial oil saturation was 
about 0.69 and the  Sor map showed a uniformity over 
all the grid as shown in Fig. 6a. Once the water flooding 
started, it pushed the oil near the injector well (in the first 
grid) to the producer well (in the last grid). At the end of 
the water flooding (the water cut was 84.2%), the  Sor map 
looks like Fig. 6b. The shape of oil mobilization in one 
direction and layer 1 indicate a transfer of shape between 
v to non-uniform U. It demonstrates that the sweeping of 
oil appeared to be non-homogenous and the maximum oil 
swept belonged to the area near the injector well. Since, 
water flooding in this study occurs in a water-wet rock 
reservoir; higher Sor was expected. Moreover, the effec-
tive water flooding to mobilize viscous oil is hindered by 
the reverse mobility ratio and by capillary and wettability 
of the water wet system. Thus,  Sor for water flooding was 
found to be in the range of 0.44 and huge amount of oil 
was still un exploited [10].
Fig. 5  Water Cut in different flooding cases
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Fig. 6  Residual oil saturation
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3.3.2  Sor after  CO2 flooding
For the  CO2 flooding, the  Sor reduced from 0.69 to 0.42 as 
depicted in Fig. 6c and d. The reduction in oil saturation 
is because the gas flow through the centre of the pores, 
and oil/water drained around the edges of the gas. As 
the residual oil reduction was lower than in water flood-
ing as presumed, it remains unsatisfactory. The shape of 
oil mobilization obtained from the simulation indicates 
non uniform speed of the gas as seen by the appearance 
of the V-shape and the sharp pinch out. Moreover, the 
shape at the end of the simulation in Fig. 6d showed 
oil accumulation near the producer where the gas was 
not able to move it. This phenomena maybe attributed 
to the fact that as  CO2 injection started the oil dissolu-
tion occurrence, which favour the pressure gradient to 
help in pushing the oil drops toward production wells. 
However, only the region near injector well has low  Sor 
but the region near producer well was slightly higher.
3.3.3  Sor after  CO2‑WAG flooding
CO2-WAG flooding was applied to overcome the low oil 
mobilization during the  CO2 flooding, the results show 
that the  Sor trapped after  CO2-WAG is 0.32 as seen in 
Fig. 6e and g. A reduction of 10% in  Sor compared to 
 CO2 flooding was obtained. The reduction of the  Sor 
was expected due to the microscopic displacement effi-
ciency improvement for  CO2-WAG injection. The shape 
of the oil mobilization front in Fig. 6e show less sharp 
V-shaped due the lower gas velocity, which proved the 
enhancement of oil flow. Moreover, it worth to state that; 
as much as this case is suitable candidate for WAG, the 
hazard of water blocking cannot be ignored.
3.3.4  Sor after polymer flooding
The polymer flooding results showed Sor of 0.29 Fig. 6g 
and h, the reduction of oil saturation was significantly 
better than water flooding. The results justified that the 
polymer addition modified the water flood viscosity. The 
polymer solution performed at its best in water wet sys-
tem [32]. Even though the polymer flooding was able to 
sweep most of the oil, we could see a U-homogenous 
sweep between the area of injector and producer well. 
Which is consistent with previous work of Falode and 
Idoko (2017), they reported a relatively higher contrast 
of oil saturation in the region between injectors and pro-
ducer in any P-I pattern
3.3.5  Sor after PAG flooding
The lowest  Sor recorded was for PAG flooding which was 
0.28 (Fig. 6i and j). The shape of the flooding indicates uni-
formed U-shape compared to the gas flooding and WAG. 
This is because in PAG, the water was used to delay gas 
breakthrough, improve gas performance and polymer 
was used to improve the sweep efficiency. These results 
agree with the previous work of Li (2014) where he found 
out that PAG flooding had a lower  Sor compared polymer 
and water flooding. The effect of PAG on the remaining oil 
saturation is in contrast with both polymer flooding. This 
could have resulted from the gas reducing the viscosity 
of the polymer at the end of the injection, which could 
be useful to reduce the (polymer-water) flooding resist-
ance factor. By looking at the model within the two years, 
it was observed that the (water/polymer) resistance factor 
is lower in PAG as seen in Fig. 7.
3.4  Gas oil ratio
The gas-oil ratio (GOR) recorded the highest for  CO2 flood-
ing. The peak GOR for  CO2 flooding was 1.27E + 07 ft3/bbl 
at the end of the injection as shown in Fig. 8. GOR larger 
than 5 Mscf/bbl is seen as gas breakthrough (Li 2014). For 
the next case,  CO2-WAG flooding (Fig. 8b) whereby the peak 
GOR recorded was 3.83E + 06 ft3/bbl. The GOR of  CO2-WAG 
Fig. 7  Water flow resistance – a PAG flooding, b Polymer flooding
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Fig. 8  Gas oil ratio –a simulation result b column chart representing values of GOR
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flooding was lower compared to that  CO2 flooding due to 
lower production of gas thus slower gas breakthrough. Since 
there was no significant gas breakthrough found in PAG pro-
cess, PAG was said to have delayed the breakthrough. The 
GOR of PAG flood (5.17E + 04  ft3/bbl) was much lower than 
 CO2 and  CO2-WAG. PAG flood has reduced the gas produc-
tion and more  CO2 was captured in the reservoir as seen in 
Fig. 8b. This result agrees with previous simulation work con-
ducted by Yongzhi Yang et al. (2018), where they found GOR 
in PAG lower than both of gas flooding and WAG process.
4  Conclusions
This research underlined the importance of the effect of 
combining different fluid or chemical additives with  CO2 
during the flooding. The research provided evidence on 
the potentiality of polymer as additive to improve fluid flow 
in the presence of three phases. The complexity of using 
 CO2 in homogeneous high permeability reservoirs could 
be lessen by polymer addition. Based on the results of this 
study, PAG flooding had the highest recovery factor of 56% 
with incremental recovery of 16%. Furthermore, controllable 
water cut of 83% was achieved during the 5 years period, 
which is lower by 13% compared to traditional water flood-
ing. The residual oil saturation was effectively reduced up to 
60% from the initial oil saturation. The GOR during the PAG 
was the lowest and limit to the range of 5.17E + 04  ft3/bbl. 
The results indicate very promising results toward using the 
polymer to enhance  CO2-WAG process. The study is limited 
to the type of polymer used since it is more used in gel appli-
cation. Moreover, PAG is favoured for the highly permeable 
reservoir and can contribute significantly to higher field’s 
expected oil recovery and water cut long term control. Also, 
the use of polymer showed significant reduction in  CO2 pro-
duction and further could improve the green  CO2 utilization.
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